In recent centuries and above all over the last few decades, human activities have generated perturbations (from mild to very severe or catastrophes) that, when added to those of natural origin, constitute a global threat to biodiversity. Predicting the effects of anthropogenic perturbations on species and communities is a great scientific challenge given the complexity of ecosystems and the need for detailed population data from both before and after the perturbations. Here we present three cases of well-documented anthropogenic severe perturbations (different forms of habitat loss and deterioration influencing fertility and survival) that have affected three species of birds (a raptor, a scavenger and a waterbird) for which we possess long-term population time series. We tested whether the perturbations caused serious population decline or whether the study species were resilient, that is, its population dynamics were relatively unaffected. Two of the species did decline, although to a relatively small extent with no shift to a state of lower population numbers. Subsequently, these populations recovered rapidly and numbers reached similar levels to before the perturbations. Strikingly, in the third species a strong breakpoint took place towards greater population sizes, probably due to the colonization of new areas by recruits that were queuing at the destroyed habitat. Even though it is difficult to draw patterns of resilience from only three cases, the study species were all long-lived, social species with excellent dispersal and colonization abilities, capable of skipping reproduction and undergoing a phase of significant long-term population increase. The search for such patterns is crucial for optimizing the limited resources allocated to conservation and for predicting the future impact of planned anthropogenic activities on ecosystems.
Introduction
Ecological disturbances or perturbations affect ecosystems because they are liable to have severe effects on the physical environment and its biological components. When perturbations are very severe and cause profound effects on ecosystems they are defined as catastrophes, which are outliers of environmental stochasticity. Catastrophes are difficult to predict and as such the monitoring of their ecological consequences at species, community and ecosystem levels represents a real challenge [1] [2] [3] . Natural perturbations, whether geological (e.g. volcanic eruptions, floods and earthquakes) or biological (e.g. the appearance of alien species, infestations by parasites or toxic events), are common at both ecological and evolutionary scales and can trigger sharp shifts in ecosystems via changes in dynamic equilibrium states (i.e. regime shifts) and extinctions [4] . This is especially true when the consequences are global and change most ecosystems, for instance following a giant meteor strike.
In recent centuries, and above all over the last few decades, human activities have generated anthropogenic perturbations and catastrophes that, when added to natural perturbations, constitute a global threat to biodiversity [5] [6] . One of the main characteristics of perturbations of human origin is their capacity to affect the vital rates that are more buffered against environmental variability by natural selection, which translates into a highly negative influence on the annual multiplication rate of a population. For instance, large adult elephant males have been hunted for their ivory for several thousand years; being long-lived organisms, the vital rate that is proportionally best buffered against 'natural' environmental variability is adult survival [7] . The killing of adult elephants has meant that their populations have declined dramatically and still have to recover [8] . Species-specific variability in resilience probably depends on a species' position in the trophic web [9] . Vertebrates have the slowest and poorest resilience [10] and the population dynamics of top predators are most affected by perturbations [11] . The organisms evolving in habitats that historically have been most affected by natural perturbations (e.g. flooding or wildfires) and that are dependent on new habitats appearing after perturbations may eventually turn out to be more resilient to anthropogenic perturbations [1, 12] .
Further characteristic threats of anthropogenic perturbations and catastrophes are associated with the rate of change (faster than many natural perturbations [13] , but see [14] ); those human perturbations are also characterised by being multifactorial, widespread and novel. Thus, aside from the interest in studying the features of natural perturbations (i.e. their frequency, severity and predictability) and the responses of populations and communities to such events [15] [16] [17] , increasing concern is being shown for the assessment of disturbances of human origin, especially those considered as catastrophes [5, [18] [19] . The nuclear accident in Chernobyl (1986), the Exxon Valdez oil spill in Alaska (1989) and the heavy metal toxic spill in Doñ ana (1998) are all outstanding examples [20] [21] [22] . Some less severe but much more frequent perturbations include habitat loss and fragmentation (e.g. from logging and the construction of infrastructures), direct mortality (such as fisheries bycatch and poaching) and continued pollution [23] .
Here, we present three cases of well-documented anthropogenic perturbations affecting three species of birds: Montagu's harriers (Circus pygargus), griffon vultures (Gyps fulvus) and greater flamingos (Phoenicopterus roseus). We assess the impact of those disturbances and the response and resilience of the bird populations involved. The study cases in common involve long-lived, slow reproducing avian social species [24] [25] [26] and our analysis and conclusions should thus be considered with caution and applicable to species with similar life history characteristics. The perturbations consisted of different forms of habitat loss and deterioration, one of the main threats to contemporary ecosystems: the building of an airport that destroyed the core breeding and foraging habitat of Montagu's harriers, the construction of a windfarm that led to severe bird mortality and a decrease in fertility due to fatal collisions of griffon vultures (Gyps fulvus), and the construction of a dyke, which reduced the isolation of the breeding site and its protection from terrestrial predators for a colony of greater flamingos. We expected population sizes to be negatively affected by the perturbations in question, especially when they affected not only fertility but also adult survival probability. We selected cases for which we had data generated by detailed monitoring programs from before and after the perturbations, and for both the study species, the ecosystem and its characteristics. This allowed us to interpret with precision the consequences of the perturbation at population level and identify the demographic mechanisms at work. These three species are all long-lived and so adult survival is the parameter with highest demographic sensitivity in their population dynamics; flamingos and vultures have generation times of ca. 22 years, whereas harriers have a shorter one (ca. 15 years). Thus, we expected a greater negative effect of perturbations for vultures than for harriers and flamingos because, of the three, the former is the only species for which both fertility and adult survival was affected [25] .
Methods
We searched for well-documented events of anthropogenic perturbations affecting species for which information on population sizes was available before and after these events took place. We were not interested in the biological responses affecting other parameters (e.g. behavioural, reproductive or physiological parameters) and studied only an integrative parameter of population fitness, that is, the population growth rate. We chose not to search the literature due to the bias caused by the partial publication of results (i.e. the hiding or non-publication of negative results) [27] . As a by-product of ongoing monitoring schemes we were involved in, we had access to three individual case studies. We also searched for species that had been monitored in Spain for a number of years and for documented human perturbations affecting whole local populations at a precise moment in time. We discarded those cases because missing values in many of the time series of population sizes in other potential species precluded a thorough analysis.
The three case studies, all from north-east Spain, had been wellmonitored by our research teams before and after an anthropogenic perturbation. Montagu's harriers are semi-colonial groundnesting raptors. The study population inhabits a natural Mediterranean (not cereal crops) habitat, dominated by sclerophyllous Mediterranean shrublands of Querco cocciferae-Pistacietum lentisci located between 10 and 30 km from the coast [28] . Field searches were conducted between April and July each year to locate nests and estimate the breeding population size. Fieldwork effort was high (covering all the suitable potential habitats) and similar over the years so we assumed that undetected nests were few and did not bias the trend in population size. The Minimum Convex Polygon occupied by nesting harriers increased from ca. 6 km 2 in the early 1990s to ca. 2,190 km 2 in 2011 (see below). The breeding population time-series covers 25 years (from 1987 to 2011). The airport was built in 2005 and overlapped spatially with the historical core habitat of the harrier population (Fig. 1) ; in that year, ca. 10% of the population was directly affected because the spatial spread of the population was initiated long before during the mid 1990's (see Results). All the nests inhabiting the area where the airport was built disappeared because the habitat was totally destroyed.
Griffon vultures are colonial scavengers nesting on cliffs. The study population (consisting of several small colonies) occupied a surface area (calculated as a Minimum Convex Polygon) of 218 km 2 in 1991, which expanded to 3,555 km 2 by 2011 (see Results). The breeding population has been monitored annually since 1973, when only a few pairs remained in a single small colony, after a sharp decrease close to extinction in the 1960's due to the use of poison targeting terrestrial carnivores [25] . Nevertheless, reliable population size time-series cover 21 years (from 1991 to 2011). Exhaustive fieldwork was performed during the breeding season (from March to August) by visiting all cliffs each year and exploring (using a scope from a distance) the shelves for incubating adults or chicks. Effort was similar over the years and the probability of not detecting a nest was low owed the high visibility of the birds' faeces. A windfarm of 260 turbines was built within the study area after the 2006 breeding season (Fig. 2) . The turbines causing most vulture mortality were in operation from 2007 to 2008 (during the first year 122 corpses of vultures were found below the turbines), after which the local conservation agency took actions that resulted in them being closed down [25] .
Greater flamingos are waterbirds that breed in very dense colonies. The study population was established in 1992 at Punta de la Banya (Ebro Delta) and the time series for its population size covers the period from 1992 to 2011 [29] . After colonization, the flamingos occupied a small islet (0.35 ha) within the largest part of a salt-pan (3.4 km 2 ), which most likely gave them good protection against terrestrial predators, since flamingos are known to be very sensitive to disturbances of any kind when breeding [24, 29] . During the first years, nests were counted once the crèche of chicks abandoned the islet and lack of disturbance was ensured. Once the colony became larger in size, nest counts were performed from aerial photographs while birds were incubating just prior to the hatching period [29] . In winter 1999, before the start of the breeding season, the owners of the salt-pan built a new dyke that reduced the surface area of the water body by 28%.
More information on monitoring methods, the study species and their local ecological features can be found elsewhere [25] [26] [28] [29] [30] [31] [32] .
Statistical analysis
We used chronological clustering through Ward's linkage method on a Euclidean distance matrix [33] to test for the presence of breakpoints or sudden changes in population numbers following human perturbations recorded in our study [34] . With this method a set of N sequential clusters differing in population sizes can be identified and separated if the clusters were different enough to be considered a significant shift. Chronological clustering requires two parameters: the connectedness and the fusion level l, which is a parameter quantifying clustering resolution. In our data we used a low value for the fusion level (l = 0.01), which is suitable for detecting major shifts within a time series [33] . However, several larger values for parameter l were considered to test for more subtle shifts. We expected that the years affected by the perturbations in the three time series to be detected by the chronological clustering even with low l values. The groups obtained through chronological clustering can be used in a Principal Coordinate Analysis [33] . We applied a posterior test (using a conservative value of l = 0.01) to assess whether the different groups detected by chronological clustering resemble each other or belong to essentially different population structures.
To analyze whether perturbations triggered the dispersal of disturbed individuals to established or new breeding areas (colonization), we calculated the minimum convex polygons (MCP) of the area occupied by the different colonies of Montagu's harriers and vultures in the study area each year and assessed whether there was a statistically significant increase in the MCP (indicating the colonization of new areas) using a chronological clustering analysis. An increase in the MCP coinciding with the perturbation would indicate an association between the environmental driver (i.e. the perturbation) and the process (i.e. dispersal) though this is only a correlation approach. We note however that a detailed monitoring of the study populations and their ecosystems each year of the study allowed us to assume that the correlative analysis was reliable. The analysis was not performed for flamingos, which occupied a single site throughout the study period. 
Results
The populations of all three species increased steadily over the study years (Fig. 3) . Strikingly, the numbers of Montagu's harriers sharply increased after the perturbation, whereas in both the griffon vulture and the greater flamingo the expected population decrease occurred. For flamingos, the consequence was the skipping of breeding of the whole colony, a phenomenon that also occurred in 2005 when there were very adverse weather conditions before the start of the reproductive season. After the population decrease, the vulture and flamingo colonies recovered quickly: in the case of vultures this was probably due to the recruitment of more birds into the breeding population [26] , while the flamingos re-occupied their breeding site and slightly increased their population numbers (Fig. 3) .
Even with small clustering resolution l, a major shift in the size of the Montagu's harrier population was detected after the disturbance in 2006 (Fig. 4) , whereas in the vultures the point of inflection in 2007 was detected only using high l value resolutions (posterior tests for Principal Coordinate Analysis, P,0.001 and The spatial spread of the populations of harriers and vultures were evident since the beginning of the study ( Fig. 1 and 2 ), corresponding to recovering population from very low numbers. Nevertheless marked larger changes were evident since 2005 for harriers and 2007 and especially 2008 for vultures coinciding with the perturbations caused by the airport and the windfarms respectively. The variability in the surface area occupied by breeding harriers and vultures in the study area (calculated as MCP) is shown in Fig. 5 . MCP increased over time in the two species and reveals that, along with the increase in population size, there was also a positive trend in the colonization of new areas. Chronological clustering, using only the lowest fusion value resolution (l = 0.01), shows that after the perturbations, a large shift occurred in both these species' MCP, suggesting that there was an important colonization pulse into new areas (see also Fig. 1  and 2 ).
Discussion
Depending on their severity, certain perturbations can be catastrophic for some species, communities and ecosystems because habitats can be totally transformed. Thus, it is to be expected that in such cases some components of natural systems will be negatively affected, especially when perturbations are anthropogenic and add to (rather than compensate for) those of natural origin. Several theoretical studies predict that some perturbations (for instance those acting in the long-term) are liable to trigger regime shifts that lead to more impoverished states [35] . Nevertheless, predicting ecological changes in the aftermath of anthropogenic perturbations is still an important scientific challenge, because ecosystems have complex non-linear dynamics and little is known about resilience thresholds [36] [37] . Furthermore, until relatively recently, very little research had been conducted into the short-and long-term consequences of perturbations [3, 38] .
Our study shows that perturbations of human origin may cause changes in population numbers in the three study species. Nevertheless, and contrary to expectations, the building of a new airport in the core Montagu's harrier habitat strikingly coincided with a sharp increase in population numbers. The decrease in the population size of the vultures, whose adult survival and fertility were affected by the construction of a windfarm [26] , was short-lived and the subsequent decrease of population size was much more subtle, probably because the turbines causing most mortality were stopped. Finally, the construction of the dyke across the salt-pan affected the quality of the breeding habitat rather than flamingo survival and, although the flamingos skipped a breeding year and re-colonized the site the following year, their population dynamics showed no change of regime. Other perturbations of natural origin (such as harsh spring temperatures before the start of the breeding season) can cause the same skipping behaviour, which is a common phenomenon in flamingos breeding in physically unstable habitats, even without the interference of any anthropogenic perturbation [39] .
Recent studies have concluded that there seems to be great temporal and spatial heterogeneity in the effects of natural perturbations and that other ecological drivers acting simultaneously may also have great influence on the resilience of organisms and ecosystems [5, 38, [40] [41] . The three study cases show that in the long term, population sizes continue to increase even despite anthropogenic perturbations, although resilience was greatest in the harriers and flamingos and slightly less in the vultures. Thus, we must ask what ecological patterns do the three study cases have in common that explain the average resilience? First, the three time series were not stationary; when we started the monitoring (in the case of flamingos, the series started with the colonization), the populations of the study species were small and living under a regime of steady population increase, meaning that suitable habitat availability was high and populations were not as yet regulated by density-dependence. This was probably the result of the important conservation legislation passed in Spain from the mid-1980s onwards that enabled the populations of many large vertebrate species to recover from low numbers [23] . Second, the three species in question are all colonial or semi-colonial birds and sociality may increase the buffering capacity of populations through ecological and behavioural processes such as colonization and positive feedback from conspecific attraction. Third, the three species are all long-lived and buffered well for decreases in fertility caused by habitat loss and deterioration; this was the case in the harriers and flamingos, but not for vultures, which suffered adult mortality [26] . The life-history traits of flamingos have evolved in ephemeral habitats such as the Etosha desert where birds have bred in only 27.5% of the last 40 years when rainfall has been high enough to ensure protection against terrestrial predators and to satisfy energy demands for breeding [42] . Species evolving in these type of habitats may be more adaptable to abrupt changes brought about by human activities (see also [12] ). Finally, the three species involved are all birds with excellent dispersal abilities. Results from the MCP suggest that after the perturbation there was a subtle increase in the area occupied by harriers and vultures as a result of the colonization of new peripheral areas. Perturbations might be one of the main triggers of dispersal and can thus be responsible for the maintenance of metapopulations and gene flow within populations in many organisms. Perturbations can decrease the quality of a patch and survivors may be forced to accept the risk of dispersal and look for alternative, higher quality patches [43] [44] [45] [46] . In the absence of perturbations, animals mostly remain in their patches and dispersal is precluded [47] , at least, that is, until density-dependence appears or heterogeneities in habitat quality occur [48] [49] [50] . Although dispersal is a key trait in the dynamics of spatially discrete populations, the positive influence of perturbations in the colonization of new patches has seldom been noted [51] , even though the availability of suitable empty alternative habitat is a determinant condition.
The most striking study case was that of the Montagu's harriers. The relocation of the breeding pairs affected by the habitat destruction to new areas would have maintained population size, but does not explain the sharp increase in population numbers that was detected. Analogous to the mechanism suggested by Janzen [52] to explain his ecological fitting concept, pulses of ecological disturbances may force an expansion of species' ranges that would otherwise remain in a state of geographical equilibrium. For the harriers, this should have involved not only the dispersal of established breeders, but also of the recruitment queues waiting to be incorporated into the breeding population in the core breeding area affected by the perturbation. The role of recruitment queues for buffering perturbations may play an important role in resilience in long-lived species [53] [54] .
There are numerous examples of ecosystems that have been negatively affected by anthropogenic perturbations (e.g. overfishing) whose effects, when added to those of natural perturbations (e.g. cyclones), overwhelm the components of resilience in the system [5, 55] . In our study cases and in a number of other examples [53] , large anthropogenic perturbations can be buffered because resilience is sufficiently high. In some extreme cases such as the Montagu's harriers, perturbations can even benefit vulnerable species (see further examples in [56] [57] ); this is because some perturbations (natural or anthropogenic) affect the relationships between species but without necessarily damaging them (e.g. in predator-prey systems). Our results also suggest that the three study species suffered few additional anthropogenic perturbations (other than the ones documented) and occupied areas of suitable and unsaturated habitat, thereby enabling them to demonstrate their great resilience. This resilience is likely to be species-specific and, more importantly, condition-specific: the same species will have different resilience depending on the quality of the patch occupied, and even within a patch, a species' resilience will change over time. Several studies have demonstrated that even growing populations can become extinct when the frequency of perturbations is high or in the case of certain forms of mortality rate distributions caused by perturbations [58] . Thus, a major practical challenge for conservation is to predict the resilience of species, communities and ecosystems in the event of anthropogenic perturbations in a naturally variable world (see also [59] ). The use of catastrophic die-offs recorded in time-series analysis shows that perturbations have profound effects on population dynamics [60] ; nevertheless, this type of analysis precludes any assessment of how many populations exhibiting no sharp declines are actually resilient enough to survive perturbations. Thus, using crashes in population size time-series to identify catastrophic perturbations could be a tautology and result in a bias in the assessment of the frequency of such perturbations and, especially, of the resilience of study populations. In fact, the magnitude of a perturbation should be quantified independently of the changes in population sizes, for instance by recording the degree of changes in physical parameters and in key demographic parameters (e.g. survival, dispersal, fecundity), a task that is a further challenge in many cases. Looking for patterns and occurrence in resilience is crucial for optimizing the limited resources allocated to conservation and for predicting the future impact on ecosystems of planned anthropogenic activities.
